INTRODUCTION
Many proteins are transported across or integrated into endoplasmic reticulum (ER) membranes during their synthesis on membrane-bound ribosomes. The nascent polypeptide chain is thought to be transferred from the channel in the ribosome into the protein-conducting channel in the membrane. Recent biochemical studies have characterized several proteins as candidates for the channel proteins (1) (2) (3) (4) . Sec 61p-complex appears to be the main component of this channel (2) (3) (4) and also to be responsible for the binding of the ribosome to ER membrane (5) . However, the structure of the channel proteins and their relationships with the ribosome remain unclear. The only information so far comes from a study of freeze-fracture faces of ER membranes in green algal cells, where intramembrane particles show spiral arrays similar in pattern to the spiral arrays of polysomes on the ER membrane (6, 7) . Since intramembrane particles are representative of transmembrane proteins, the particles on the algal ER membrane may represent transmembrane proteins associated with ribosomes.
In order to freeze-etch membranes to reveal their natural as well as fractured surfaces, cells must be frozen without cryoprotectants. Here we directly freeze retinal pigment epithelial cells, which lie in a layer on the sclera easily exposed by removal of the retina, allowing them to be frozen by slam freezing. These cells contain large amounts of rough ER yielding many planes of fracture from random fractures through the pigment cell layer. By freeze-etching these directly frozen cells we hoped to find a sufficiently large number of views incorporating surface fractures, etch faces, and cross fractures through ribosomes to understand in more detail the structural relationships of ribosomes with ER membranes.
MATERIALS AND METHODS
Enucleated eyeballs of 30-day-old chickens were bisected, and the posterior half freed from the retina was cut into small pieces and immediately rapid-frozen on a copper block cooled with liquid helium. Frozen tissue was mounted on the stage of a Balzers BAF 400D freeze-fracture apparatus and fractured at a specimen holder temperature of −120°C, as described elsewhere (8). The specimen holder was then warmed to −95°C. The sample was etched for 5 min at that temperature and rotary-replicated at −105°C with platinum-carbon in an electron beam gun. The cleaned replicas were examined in a JEOL 1200EXII electron microscope operated at 80 kV and recorded in stereo at ±6°. Micrographs were printed as negative images in which platinum appears white and shadows appear dark. All measurements were carried out on micrographs at a final magnification of more than × 200 000. Freeze-substitution was done in acetone and osmium according to methods described elsewhere (7) .
RESULTS
In rapid-frozen deep-etched r-ER, large intramembrane particles, appearing to be members of a pair, were often evenly spaced in linear arrays on the P-face of the ER membrane (Figs. 1A-1C ). Their spacing (23.6 ± 1.1 nm) was similar to that of the polysomes on the cytoplasmic face of the membrane (23.1 ± 0.7 nm, Fig. 1D ), suggesting that they are associated with them. The intramembrane particles were hemispherical with a central cleft, and one of the components was typically slightly larger (10.2 ± 0.7 nm long, 6.7 ± 0.6 nm wide) than the other one (9.3 ± 0.4 nm long, 6.3 ± 0.6 nm wide; Figs. 1A-1C, 1F, and 1G). The central cleft was typically 0.5-1.0 nm wide (total width of a pair particle is ‫41ف‬ nm, Fig. 1F ), but sometimes was as much as 3 nm wide (total width of a pair particle is ‫61ف‬ nm, Fig. 1G ). Linearly arranged membrane pits ‫01ف(‬ nm in diameter) with spacing (23.0 ± 0.9 nm) similar to the P-face paired particles were frequent on the E-face of the ER membrane (Fig. 1E) , suggesting that the paired P-face particles were pulled out of the E-face during fracturing (Fig. 3) . Contiguous pairs of protrusions into the ER lumen, similar in size to the pairs of P-face particles, were present on luminal surfaces (Fig. 1H) ; one member of each pair was larger and taller (9.6 ± 0.6 nm high) than the other one (7.1 ± 0.9 nm high). The larger protrusion leaned toward the smaller one (Fig. 1I) . From these observations, we conclude that these contiguous P-face particles and luminal surface protrusions represent aspects of a single type of structural complex (Fig. 3) : a ribosome-associated pair of molecules protruding deeply into the lumen of the ER. Views of this entire structure (Fig. 3) were sometimes seen on the edges of E-faces (Fig. 1J) .
In lateral views the ribosome manifested a triangular shape (21.0 ± 3.2 nm wide, 19.3 ± 0.6 nm high) canted at ‫°56ف‬with respect to the ER membrane (Fig. 3) . Two filaments (2-4 nm in diameter), the putative mRNA, contacted the cytoplasmic end of the ribosome (Figs. 2A and 2B) . A pair of luminal protrusions was aligned over some ribosomes in the lateral view ( Figs. 2A and 2B) . The ribosome and the pair of luminal protrusions appeared to form a transmembrane complex in which the size of the pair of luminal protrusions was similar to that of the ribosomal footprint on the ER membrane. The protrusion of the ribosomal complex into the ER lumen was also observed by freeze-substitution (Fig. 2C) , suggesting that this appearance is not an artifact of the freeze-fracture and deep-etching process.
Both subunits of the ribosome appear to contact the membrane (Figs. 2A-2D , and 2F). Tangential cross-fracture of ribosomes on ER membrane (Fig.  2E) showed that the intersubunit cleft is typically 1.5-2.0 nm wide (7-10% of ribosomal diameter), but that the cleft sometimes 4-6 nm wide in the center ‫%52ف(‬ of ribosomal diameter). The shape, dimensions, and orientation of this fracture plane are similar to that in the low-resolution, three-dimensional map of membrane-bound ribosomes (9, 10) . Holes within large subunits were not recognized. When ribosomes in lateral view were cross-fractured perpendicular to the ER membrane, the intersubunit cleft was sometimes seen to extend all the way to the lumen of the ER. In stereo views, it was clear that these clefts extended entirely through the ribosome, ending between the pairs of the luminal protrusions (Fig. 2F) . The total length of the vertical cleft from the cytoplasmic end of ribosomal intersubunit cleft to the lumen exit was ‫33ف‬ nm.
DISCUSSION
Retinal pigment epithelial cells provide many profiles of ER near a natural surface, allowing the ER to be frozen from the living state. Thus, they are an ideal preparation in which to examine the structure of intact ribosomes on native ER membranes by freeze-etching. Since the rough ER in pigment cells is typical of many kinds of cells, there is no reason to suppose that the freeze-etch views of this ER are not representative of ER in general. Our observations, thus, are likely to present a general view of the structure of the ribosome-membrane complex (Fig.  3) . The three-dimensional structure of ribosome and its subunits in our model is in agreement with structures isolated and purified from cell extracts (11) (12) (13) (14) (15) . However, our model differs from the previous ones with respect to the association of the ribosome with the ER membrane.
Ribosomes were proposed to attach to ER membranes primarily through their large subunit (9, 10, 16) , and the large subunit was thought to contain a tunnel (17) (18) (19) (20) ; the small ribosomal subunit has been believed to have no contact with ER membrane. However, observation of the intact ribosome on native ER membrane suggests that both subunits contact paired transmembrane proteins. In addition, a vertical cleft extends through the ribosomal intersubunit cleft and continues into the adjacent cleft between the pair of transmembrane particles. There are several reasons to propose that this cleft could be the pathway of the nascent polypeptide chain. The cleft extends from the site at which the growing polypeptide originates, the subunit interface (13, 14) , to the lumen of the ER, and it is the only passage inside the ribosome particle complex that we could detect by freeze-etch. Thus, this cleft is in a position to provide a pathway from inside the ribosomal complex to the interior of the membrane during synthesis of intramembrane proteins (21) . The width of the cleft varies between ribosomes, possibly reflecting varying functional states. The functional significance of the ribosomal intersubunit space is also indicated by the changes in the ribosomal intersubunit distance in the pre-and posttranslocational states (22, 23) and by the effect of the experimental starvation for aminoacyl-tRNA during protein synthesis (24) .
Previous work, however, has suggested that a tunnel in the large subunit is the path of the nascent polypeptide chain (17) (18) (19) (20) . It is possible that the tunnel in the large subunit was not detected in our preparation because of inherent limitations in definition imposed, for instance, by the thickness of the platinum coating. However, the present results show that there is also continuous cleft extending through the ribosome and through the associated membrane proteins into the lumen of the ER. If the walls of the transmembrane pathway are provided by the paired transmembrane proteins, it remains to be explained how the tunnel in the ribosomal subunit would access the transmembrane pathway to allow the nascent peptide to enter the lumen of the ER (Fig. 3) . The interpretation of the intersubunit cleft as the transmembrane pathway, or channel, is consistent with the other channel proteins, such as the acetylcholine receptor, where the channel is formed between membrane spanning subunits. However, the limits of definition in the replica leave open the possibility that one of the intramembrane particles could include a channel we did not detect.
The presence of a cleft through the ribosome into the lumen of the ER has been inferred by previous biochemical work (25) (26) (27) (28) , but not previously visualized by direct structural methods. The present work offers a feasible structural basis for this pathway. However, approaches using immunocytochemical (8) or reconstitution methods will ultimately be required to identify positively and assign a position 
FIG. 3.
Diagram of lateral view of the paired ribosomeassociated transmembrane proteins (p) based on freeze-etch electron microscopy. Each member of the paired transmembrane particles is connected to a ribosomal subunit, leaving a continuous vertical cleft extending through the ribosomal intersubunit cleft into the adjacent cleft between the pair of transmembrane particles (between asterisks). The paired P-face particles are pulled out of the E-face during fracturing. M-RNA forms a loop around the head of the small subunit (s) as it passes through the ribosomal small subunit (15) . 1, large subunit.
